The effects of statin therapy in patients with chronic kidney disease (CKD) remain uncertain. We undertook a systematic review and meta-analysis to investigate the effects of statin on major clinical outcomes.
Introduction
Chronic kidney disease (CKD) is a major public health problem. 1 Cardiovascular disease (CVD) continues to be the leading cause of morbidity and mortality among people with CKD worldwide, with rates of cardiovascular events and mortality consistently increasing as kidney function declines. 2, 3 Dialysis patients have mortality rates up to 40-fold higher than the general population, with CVD being responsible for up to 50% of these deaths. 4 Patients with CKD have higher prevalence of a number of risk factors for CVD, including lipid abnormalities, hypertension, obesity, and diabetes.
Kidney Disease Outcome Quality Initiative (K/DOQI) clinical practice guidelines have recommended statin therapy for the prevention of CVD in patients with CKD and high-LDL cholesterol (LDL-C) levels. 5 However, the value of this approach continues to be debated, particularly in those with the most advanced kidney dysfunction. Levels of cholesterol in patients with kidney disease do not always have the same log-linear relationship with cardiovascular events observed in the general population. 6 Indeed, a 'U'-shaped or inverse relationship has been described in cohort studies of dialysis patients where people with the lowest levels of LDL-C have the worst outcomes. The burden of CVD may not be predominantly due to atherosclerotic disease in people with severely decreased GFR when compared with people with normal renal function. Emerging data suggest the pattern of cardiovascular pathology may be different in advanced CKD, with vascular stiffness and calcification, structural heart disease, and sympathetic overactivity contributing to an increasing risk of cardiac arrhythmia and heart failure. 7 Thus, the effect of statin therapy may be less compared with the general population.
In the past few years, several large-scale trials of statin therapy in people with CKD have been completed, including the recent large SHARP (Study of Heart and Renal Protection) trial. 8 Although some of these trials have shown benefit, 8 others have shown no effect, 9, 10 leading to uncertainty about the presence and magnitude of cardiovascular protective effects and therefore difficulties for clinicians in the interpretation of the results. Two recent overviews have investigated the effect of statin in patients with CKD. However, both have not evaluated the effect of kidney function on the statin therapy. 11, 12 In this systematic review, we sought to synthesize all the available clinical trial data and define better the balance of risks and benefits of statin in patients with CKD and also the effect of kidney function on statin use.
Methods Data sources, search strategy, and selection criteria
We performed a systematic review of the published literature according to the approach recommended by the statement for the conduct of meta-analyses of intervention studies. We included data from randomized, controlled trials in which statin was given for at least 6 months to patients with CKD. These data were extracted either from studies conducted solely in people with kidney disease, or from subsets of other trials where data on the CKD population could be obtained. Relevant studies were identified by searching the following data sources: MEDLINE via Ovid (from 1950 to November 2011), Embase (from 1966 to November 2011), and the Cochrane Library database (Cochrane Central Register of Controlled Trials; no date restriction), with relevant text words and medical subject headings that included all spellings of 'kidney disease', 'dyslipidemia', 'hypercholesterolemia', 'cardiovascular disease', 'myocardial infarction', 'revascularisation', 'stroke', 'simvastatin', 'atorvastatin', 'rosuvastatin', 'pravasatin' (see Supplementary material online). Trials were considered without language restriction. Reference lists from identified trials and review articles were manually scanned to identify any other relevant studies. The ClinicalTrials.gov website was also searched for randomized trials that were registered as completed but not yet published.
The literature search, data extraction, and quality assessment were undertaken independently by two authors (W.H. and L.Y.) using a standardized approach. All completed randomized, controlled trials assessing the effects of statin compared with placebo and/or compared with conventional therapy in CKD, and that reported one or more of the primary or secondary outcomes, were eligible for inclusion. Trials that recruited patients with kidney transplants were not included in this study.
Data extraction, quality assessment, and outcome estimation Published reports were obtained for each eligible trial, and relevant information was extracted into a spreadsheet. The data sought included baseline patient characteristics (age, sex, history of diabetes, history of CVD, mean systolic and diastolic blood pressure values, lipid concentrations), statin used, dose of drug, follow-up duration, change in LDL-C concentrations, outcome events, and adverse events. Study quality was judged by the proper conduct of randomization, concealment of treatment allocation, similarity of treatment groups at baseline, the provision of a description of the eligibility criteria, completeness of follow-up, and the use of an intention-to-treat analysis, and was quantified with the Jadad scale. 13 Any disagreement in the abstracted data was adjudicated by a third reviewer (J.L.). We collected data for major cardiovascular events (defined as a composite including fatal or non-fatal myocardial infarction, fatal or non-fatal stroke, revascularization procedures, cardiovascular death, and heart failure, or comparable definitions used by individual authors), cardiovascular mortality, all-cause death, new onset cancer, and other drug-related adverse events. We listed all cardiovascular events for each included studies in Supplementary material online, Table S2 . Trials that compare high-vs. low-dose statin therapy met the inclusion criteria but in a separate analysis. Kidney failure events were defined as a 25% decrease in the estimated GFR, doubling of serum creatinine, or end stage renal disease (ESRD) as defined by the authors of each study.
When required quantitative data were not provided in the relevant article from the text, we use the g3 data software (http://www.frantz.fi/ software/g3data.php) to extract exact numbers from published figures.
Statistical analysis
Individual patient data were not available from the studies in this analysis, so tabular data were used. Individual study relative risks (RRs) and 95% CIs were calculated from event numbers and total population at risk extracted from each trial, using a standard method 14 before data pooling. In the calculation of risk ratios, the total number of patients randomly assigned in each group was used as the denominator. Summary estimates of risk ratios were obtained with a random Figure 1 Identification process for eligible studies. Potential publication bias was assessed with the Egger test and represented graphically with Begg funnel plots of the natural log of the RR vs. its standard error.
We explored potential heterogeneity in the estimates of treatment effect with univariate meta-regression (for end-of-trial parameters such as achieved LDL-C concentrations) and by comparing summary results obtained from the subsets of studies grouped by number of patients, number of mortality events, publication year, statin used, diabetic status, stage of CKD, baseline morbidity, and study quality. A two-sided P-value ,0.05 was regarded as significant for all analyses. All statistical analyses were done with STATA (version 12.0).
Results
The literature search yielded 2310 articles, of which 134 were reviewed in full text ( Figure 1 ). Of these, 31 randomized, controlled trials met the inclusion criteria. These trials included a total of 48 429 patients with CKD, in whom 6690 major cardiovascular events were reported from 22 studies, and 6653 deaths from 23 studies. Study follow-up duration ranged from 6 months to 4.9 years. Thirteen trials were placebo-controlled and 18 trials used open-label designs. Ten trials reported post hoc analyses of the subgroup with CKD, four compared intensive lipid-lowering therapy to conventional or low-dose therapy. Formal statistical testing suggested the possibility of publication bias for the outcome of major cardiovascular outcomes with a borderline Egger test result (P ¼ 0.062, see Supplementary material online, Figure S1 ). Table 1 summarizes the characteristics of the included studies. Ten trials with 4503 participants were exclusively undertaken in dialysis patients, 9,10,16 -18 18 trials (n ¼ 33 252) were in non-dialysis patients, and another 3 trials (n ¼ 10 029) had a mixed population that included both dialysis and non-dialysis patients. Baseline estimated GFR levels for the participants in the trials were reported in the published paper or could be calculated or estimated from the inclusion criteria ( Figure 2) . Two trials were undertaken in people with diabetes and CKD. The mean age of the study participants ranged between 42 and 73 years. Included studies were undertaken in Europe, North America, and in some part of Asia and Africa. The agents used in the studies varied: 12 studies assessed the effects of atorvastatin, 8 assessed simvastatin, 5 assessed pravastatin, 4 assessed rosuvastatin, where 1 assessed fluvastatin and 1 lovastatin.
We also recorded key indicators of trial quality, in particular the process of randomization, concealment of allocation, and the use of intention-to-treat analysis techniques, blinding, withdraws and dropouts (see Supplementary material online, Table S1 ). Overall, 13 trials had a Jadad scale of 4, others scored ≤3.
Data regarding the effects of statin on major cardiovascular events were available from 22 trials, including 44 Figure S2 ) with evidence of heterogeneity in the results of individual trials. Subgroup analysis showed that statin effect was significantly modified by kidney function ( Figure 2B ). Four trials with 4154 participants that compared more vs. less intensive statin regimens showed that intensive statin therapy reduced cardiovascular events by 28% in people with CKD (see Supplementary material online, Figure S3 ). Data for coronary events were available from 15 trials (Figure 3) . Eight trials reported stroke, including 21 505 and 647 events. Overall, there was no effect of statin therapy on the risk of stroke (RR 0.79, 95% CI 0.56-1.12) with evidence of heterogeneity between trials (P-value for heterogeneity ¼ 0.001). Cardiovascular death was reported in 11 trials including 31 859 patients among whom 2123 events were observed. Nineteen trials reported all-cause death, including 39 722 patients and 6653 events. Statin therapy reduced all-cause death (RR 0.92, 95% CI 0.85 -0.99) and also cardiovascular death (RR 0.91, 95% CI 0.84 -0.99) without clear evidence of heterogeneity ( Figure 3) .
Kidney failure events defined as a 25% decrease in the estimated GFR, doubling of serum creatinine, or ESRD were reported in six trials 8, 20, 23, 26, 30, 31 including 11 924 participants and 2824 events.
There was no clear evidence that statins reduced the risk of kidney failure (RR 0.95, 95% CI 0.90-1.01) (Figure 3) . 
Effects of statin therapy in patients with CKD
The heterogeneity in the effect across the included studies was assessed by subgroup analysis and meta-regression. This revealed that the effect of statin therapy on major cardiovascular events was modified by the average baseline kidney function of the participants in the included trials (P-value for heterogeneity , 0.001), with a progressively smaller relative risk reduction (RRR) with a lower estimated GFR. The RRR for cardiovascular event in trials with CKD stage 5 including patients with dialysis (8 trials 8 -10,27,29,32 with 7987 participants) was 8% (95% CI 1-14, Only two small trials or subgroups included 107 participants with CKD stage 2, so meta-analysis was not separately done in this group. The benefits of statin in patients not on dialysis (RR 0.70, 95% CI 0.63-0.88) was larger (P-value for heterogeneity , 0.001) than those in patients on dialysis (RR 0.92, 95% CI 0.85-0.99). Adjusting the risk ratio for cardiovascular events by weighted average LDL-C reduction did not substantially modify these findings. Reductions in the risk of cardiovascular events per 1 mmol/L LDL-C reduction at the end of each trial were 27% (RR 0.73, 95% CI 0.65-0.83, P , 0.001) in patients with CKD not requiring dialysis compared with 10% (RR 0.90, 95% CI 0.83-0.97, P ¼ 0.01) in patients requiring dialysis (P-value for heterogeneity ¼ 0.007) (see Supplementary material online, Figure  S2 ). Similar findings were observed for coronary events (RR 0.69, 95% CI 0.58-0.83 in the non-dialysis population and RR 0.91, 95% CI 0.81-1.02 in the dialysis population, P-value for heterogeneity ¼ 0.042) and stroke (RR 0.61, 95% CI 0.39-0.95 in non-dialysis patients and RR 1.16, 95% CI 0.91 -1.47 in dialysis patients, P-value for heterogeneity ¼ 0.001) ( Figure 3) . As the risk of CVD increased as the kidney function deteriorated, but with the risk ratio lower, we calculated the absolute risk reduction among patients with different CKD stages [ Table 2 ; we also provide three models for the number needed to treat (NNT), see Supplementary material online, Tables S3. 1-3.3] . The NNT to reduce one major cardiovascular event was 46 in CKD stage 5 (25 -257), 36 in CKD stage 4 , and 24 in CKD stages 2-3 (19-32) .
Subgroup analysis was done for major cardiovascular events according to other baseline characteristics (Figure 4) . The effect sizes were greater in trials that recorded a higher mean baseline LDL-C concentration (P-value for heterogeneity ¼ 0.012). On univariate meta-regression, there was a trend for statin therapy to produce the greatest benefit when LDL-C concentrations were improved most ( Figure 5 , P ¼ 0.062) in non-dialysis patients. In contrast, no clear relationship between LDL-C reduction and cardiovascular benefit was observed in patients receiving dialysis.
Key adverse outcomes were reported by few trials. For hepatic impairment 6, 8, 9, 25, 26, 32, 33 (Figure 6 ), no significant difference in risk was observed in the statin-treated participants. The conclusions were not changed after adjustment for publication bias with the trim-and-fill method (data not shown).
Discussion
The management of lipids in people with CKD has been an area of intense debate over recent years, particularly in those with more advanced kidney dysfunction. This large quantitative review, including 31 trials with more than 48 000 individuals, suggests that therapy with statin reduces the risk of cardiovascular events across different levels of kidney function. Major cardiovascular events are reduced by 23%, including a 22% reduction in coronary events, and 9% reduction in cardiovascular or all-cause death. No significant effect was observed on the risk of kidney failure, or on the risk of adverse events including cancer mortality.
The most important new finding of this study is the clear result that the effect of statin therapy is significantly modified by kidney function. The observed beneficial effects appear to be smaller in people with stage 5 kidney disease and those requiring dialysis. Similar findings were observed for coronary heart disease and stroke. Importantly, the absolute risk reductions and NNT were only slightly less in people with advanced kidney disease, suggesting that statin therapy still confers important benefits in these individuals. In this analysis, we did not find that the adverse events of statin were increased in the patients with CKD, which suggested the safety of using statin in this population. However, this is still needed to be cautious given many trials included in this meta-analysis are post hoc analysis, and adverse events are reported by only a few trials. For the effect on stroke risk in patients with dialysis, the risk ratio even goes in the opposite direction (RR 1.16, 95% CI 0.90-1.47), and more data are still needed to evaluate the safety of statin in dialysis patients.
The effects of LDL-lowering with statin therapy in patients without CKD have been described by the Cholesterol Treatment Trialists' (CTT) Collaboration, and shown that statin therapy can safely reduce the 5-year incidence of major coronary events, coronary revascularization, and stroke by about one-fifth per mmol/L reduction in LDL-C. 40 In this study, LDL-C-lowering with statin in CKD could yield 18% reduction per 1.0 mmol/L reduction in major cardiovascular events, which is close consistent with the effects seen in the CTT study. Our study is also consistent with the results from the SHARP study and supports statin use in patients with CKD, including dialysis patients. However, SHARP did not have sufficient power to assess the effects separately in dialysis and non-dialysis patients. This large meta-analysis with more than four times of participants strongly supports larger benefits in patients with less severe renal impairment. Further support comes from the meta-regression analysis that a linear association trend exists in patients with non-dialysis although not obvious in patients with dialysis. The reason for the lesser RRR in patients with ESRD than those achieved in patients with less severe kidney disease may reflect differences in the distribution of CVD among these groups of patients. Cardiovascular disease may have different aetiological pathways in people with ESRD compared with those with better renal function, and indeed may have a different pathophysiology. 39, 41, 42 Cardiovascular risk factors specific to ESRD include calcium and phosphorus dysregulation, anaemia, hyperhomocysteinaemia, increased levels of oxidant stress, and chronic inflammation. 33,37 -39,43 -45 In addition, the burden of cardiovascular dysfunction may be further accelerated by haemodynamic instability in dialysis patients. It is postulated that statins may not impact the substantial proportion of cardiovascular events in ESRD populations resulting from non-ischaemic myocardial abnormalities, left ventricular hypertrophy, and fluctuations in electrolytes and fluid volumes. 43 These may explain the more modest relative effect of statins than that seen in an earlier stage of kidney disease. 
Effects of statin therapy in patients with CKD
Trials including individuals with high average baseline LDL-C concentrations reported significantly greater proportional risk reductions, a finding that accords with the results in the general population. Importantly, we noted a significant relationship between the magnitude of LDL-C-lowering achieved with therapy and the reported risk reductions in patients with nondialysis patients, although this phenomenon was not observed in patients with ESRD. This further supports the hypothesis that the excess of cardiovascular events observed in people with advanced kidney disease may not be atherosclerotic in nature, and therefore not able to be reduced with statins. 7 However, in this analysis, given that the rates of cardiovascular events and mortality consistently increase as kidney function deteriorates, clinically meaningful absolute risk reductions can still be achieved in patients with severe kidney dysfunction. In the subgroup analysis, we also noted significant heterogeneity between trials only involving patients with kidney disease and trials in the general population where the subgroup with CKD was available. This difference may be due to different kidney functions among these trials. The trials with CKD are mostly studies involving patients with dialysis, whereas in the post hoc analysis, participants were mainly nondialysis patients. This meta-analysis benefits from a large volume of data available, and the resultant precision in the observed benefits across a broad range of kidney function. Our study does, however, have limitations mainly as a result of it being based on published data, which limits the capacity to fully explore effects in subgroups. The different definitions used by the contributing trials cannot be fully integrated, and the outcome definitions, in particular, required some grouping of event types. Also in the meta-regression assessing kidney function and the effect of statins, we were only able to use the mean baseline GFR of the included trials rather than individual patient kidney function.
In conclusion, this study has provided strong evidence that statin therapy reduces the risk of major vascular events, as well as cardiovascular and all-cause death in patients with CKD, across a broad range of kidney functions including patients with dialysis. Although the relative vascular protection of statins is significantly modified by kidney function, meaningful reductions in absolute risk would be expected to be achieved in every stage of CKD. Additional protective strategies are required to address the large excess of cardiovascular events in the population with ESRD.
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